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1. Introduction

sc2is a new implementationof the Streams-Uanguageand compiler The Streams-Qorogrammingmodelis that of
communicatingprocesses.A systemconsistsof a collection of processeghat communicateusing streamsand signals
Processesanrun eitherin software on corventionalprocessorgSP)or in hardware on FPGA processorgHP). The sc2
compileris usedto compileFPGAprocessem hardware. Thecompilertranslates subsebf C into Register TransferLevel
(RTL) VHDL thatis synthesizablen FPGAs. The sc2 compiler synthesizehardware circuits for one or more FPGAs
aswell asa setof communicatingprocessesn corventionalprocessors.The languagesxtensionsallow pipelinedstream
computationsothatthe generatedhardware/softvareis capableof pipelininga computatioracrosamultiple FPGAsandthe
corventionalprocessar

Our programmingmodelis targetedat stream-oriente@PGA applications Characteristicef stream-orientedomputing
includehigh-data-ratdlow of oneor moredatasourcesfixed size,small streampayload(onebyte to oneword), compute-
intensie operationsusuallylow precisionfixedpointonthedatastreamaccesso smalllocalmemoriesholdingcoeficients
andotherconstantsandoccasionasynchronizatiorbetweercomputationaphases.

This sc2releaseprovideshardwarelibrariesfor the AnnapolisMicro SystemgAMS) Firebirdboard,which containsone
Xilinx Virtex-E FPGA on a 64-bit PCI bus. This manualdescribeghe Streams-Chardware library usedto facilitate the
hardwareinterfacebetweerthe Streams-Chardwareprocesseandthetargethardwareboard. It describedow to compilea
VHDL simulationof the hardwareprocesseandhow to generatean executablgbit stream)for the hardware.

1.1. Scope of this Reference Manual

The purposeof thisreferencenanualis to enablethe userto generate bit streamfor hardwareanddescribehehardware
interfacebetweerthe sc2generatedardwareprocesseandthe AMS Firebirdboard.It is assumedhe useris familiar with
VHDL or otherhardwaredescriptionanguages.

2. Streams-C Hardware Library Components

e HardwareStreamsComponents high bandwidthsynchronougommunicationgtested32-bit datastreams)
StrmFifoWrite- softwareto hardwarefifo module
StrmFifoRead hardwareto softwarefifo module
StrmintraRead hardwareto hardwarestreamdifo module
StrmintraWrite- hardwareto hardwarestreamdifo module
Fifo16 - internalfifo usedin the above streamfifo modules.

¢ HardwareSignalComponents low bandwidthasynchronousommunicationgtested32-bitdatasignals)
Sig Recv- softwareto hardwareprocesssignalreceve
Sig Send- hardwareto softwareprocesssignalsend

¢ ExternalMemory Component tested64-bit memorydata
Sc.Mem - interfacefrom hardwareprocesgo the 64 bit memories
ScMemd4- interfacefrom hardwareprocesgo the 32-bit externalmemory

e Block RamComponents tested32 and64-bit blockramdata
ScBRAM - 8, 16,32, 64-bitblock ramsconnectedo hardwareprocesses

LAD64 _Mux_BlockRam64- AnnapolisVHDL modulefor 64-bit by 256 deep,dual port ram connectedo software
procesyia the LAD busandhardwareprocess.

LAD64 _Mux_BlockRam- AnnapolisVHDL modulefor 32-bit by 256 deep,dual port ram connectedo software
procesyia the LAD busandhardwareprocess.



¢ PipelineControlComponents
Indefinite- controlspipelinefor indefiniteloops(while)
Definite- controlspipelinefor definiteloops(for)

Note: testedboth for andwhile loops, have notedthat an indefinite loop (while) hasproblemswith terminatein some
scheduleshelasttwo piecesof dataaremissing,fixedthelibrary VHDL.

3. Functional Streams-C Hardware Library Description
3.1. Process Component

Theprocessnodulehastwo maincomponentsa datapattprocessanda sequencefThedatapattproces®ntity consistof
a datapattentity anda pipelinecontrolentity (if awhile or for loopis pipelinedwithin the process)Thesequenceis a state
machinefor sequencinghroughtheinstructionsetof the processmodule.If a streamsignal,externalmemory or blockram
is usedin the processthe signalinterfacefor thesecomponentss includedon the processmodules port. Seefigure 1.

3.2. Stream Components

The hardwarestreamcomponents usedfor high bandwidth,synchronougommunicatiorbetweerthe processesThese
areparameterizedhoduleswith respecto dataregisterwidth andfifo depth.Datawidth canbe 16-bit, 32-bit or 64-bit. The
fifo depthallowable currentlyis 16. The moduleshave separatdata, Enableand Readysignalsasshown in figure 2 the
Enableis aninput which meansthe dataon the input or outputportis valid. The Readyis an outputsignalindicatingthe
moduleis readyto receve data.

3.3. Signal and Parameter Components

Thehardwaresignalcomponents usedfor low bandwidth,asynchronousoordinationor flow controlbetweerprocesses.
Signalsareparameterizablwith respecto datawidth. Theconventionfor Enable ReadyandDatais shovnin figure2. The
Enableis aninputto the module,SigSendwhich meanghe dataon the input port is valid. The Readyis anoutputsignal
indicatingthe module,SigRecy hasvalid dataon the outputport.

The hardware parametecomponents usedfor passinga variablebetweenprocesseandto initiate a hardwareprocess.
Parametersreparameterizableith respecto datawidth. The moduleshave separat®ataandEnablesignals.The Enable
is anoutputthatmeanghe dataon the outputportis valid. A hardwareparameteis implementedasaninput signalby the
sc2compiler

4. Memory Interfaces
4.1. External Memory

When Memory is invoked in a hardware processjf a pragmadoesnot exist to indicatea memorytype, the compiler
defaultis 64-bitexternalmemory(Mem_0). Whenmemoryis used theportsfor addressgata,andenables MAR, MDRL_IN,
MDR_OUT, RD_EN, WR_EN respectiley appeaion the hardwareprocessentity. They areconnectedhroughthe hardware
streamdibrary to the Firebird board. The hardwareprocesseandstreamsomponentgor externalmemory SC_Mem (64-
bit memories) SC_Mem4 (32-bit memory)connectto the Annapolishardwarewith a Mem64 Mux_Priority_IF component.
This Mem64 Mux allows multiple connectiongo external memory- oneto connectto the LAD bus, allowing memory
to be loadedfrom the host, and one or more as neededto connectto hardware processes.The Mem64 Mux_Priority_IF
componentonnectgo the LAD64_Mem64Bridge componentvhich facilitatesloadingto externalmemoryvia the LAD
bus/PClbus. Dual port rams(64-bit x 256 wordsdeep)are containedwithin the LAD64_Mem64 Bridge componen{each
Bridgecomponenuses2 blocksof theVirtex Block RAM). The LAD64 _Mux_IF is the mux interfaceto the LAD buswhich
connectgo the PCI controllerandthe hostasshown in figure 3. The 32-bit externalmemory mem4,usesa separatesetof
Annapoliscomponents SC Mem4, Mem32Mux_Priority_IF, LAD64_Mem32Bridge, LAD64_Mux_IF. Figure4 describes
theexternalmemorytypes.Also referencdstreamsc/apps/arch/Firebird.def

Notes:
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e The Streams-Gxamplestestedtodateusea LAD busspeedof 66 MHz. The LAD busis adjustablego either33MHz
or 66MHz with AnnapolisPClI controllerversion3.0.

e It is recommendedo setthe memoryclock, SCMCLK, for the run time simulation,sim_rt, to matchthe placeand
routemaximumfrequeng.

4.2. Block RAM

For local datastoragethe Streams-Qardwarelibrariesallow theusernto connecto block RAM in two ways: awrite/read
to a streamor a hostsoftware procesdoad/unloadblock RAM data,examplesstrm3andmema3respectiely. Seefigures6
and7 for the Streams-Chardwareimplementatiorof block RAM.

Streams-Qusesa pragmastatemenfor selectionof a block RAM type. Seefigure 5 for the typesof block RAM the
Streams-Chardwarelibrary provides. (Thesetype definitionsarelocatedin /streamsc/apps/arch/Firebird.dd@fe pragma
statementor ablockramtype,B_L, of size64-bitx 256is shavn below whereA is thenameof thearrayin theuserprogram
andthe maximumsizeof A is 256. A readfrom block RAM canbe placedin alocal variable,data,or in anoutputstream.
Thesestatementsreidenticalto thoseusedfor externalmemory A write andreadwith respecto block RAM is equivalent
to thefollowing C statements:

#pragma SC nmenory B L A

data = sc_streamread(i nput_stream;
Ai] = data; //wite data to bl ock ram
data = A[i]; //read fromblock ramand place in a variable, data

for(i=i-1; i>=0; i--)
sc_streamwite(output_stream Ali]);//read fromblock ramand place in output_stream

Thehardwarestreamdibrary componentshatsupportblock RAM load/unloadrom thehostareLAD64_Mux_BlockRam64
(64-bitx 256),and LAD64_Mux_BlockRam(32-hit x 256). Theselibrary componentsisedual portedRAM with oneport



type | width (bits) size
memO 64 1000000
mem.1l 64 1000000
memz2 64 1000000
mem.3 64 1000000
mem4 32 500000
Figure 4. Streams-C External Memory Types
SinglePorttype | width (bits) | size
B-A 8 128
BB 8 256
B_C 8 512
B_D 16 128
B_E 16 256
B_F 16 512
B_G 32 128
B_H 32 256
B.l 32 512
B.J 64 128
B_K 64 256
B_L 64 512
B_M 1 4096
B_N 2 2048
B_O 4 1024
DualPorttype | width (bits) | size
DP-1 32 256
DP_2 64 256

Figure 5. Streams-C Bloc k RAM Types

connectedo the LAD busandthe otherport connectedo the hardware procesgort(s). For anexampleof how to loadand
unloadblock RAM from the hostsoftwareprocessreferencehe mem3example.

Note: Streams@xpressesnemorylateng of aread(loadlasthe delayafterthe readis issued,until the datais available
ontheport’sdata-rgister For example,a one-g/cle latenyy meanghe datais availablethe cycle afterthereadis issued:

Lateng one:

tick 1 - setmarandenablebit

tick 2 - copy mdrinto userregister

With this definition, lateng is always at leastone. For the userwho wishesto definea new hardware target board,
read(load)ateng is thedelayrequiredfor thedatato beavailablein the port's data-rejister For the AMS Firebirdboard,an
externalmemorywrite executesin onecycle, a readexecutesn 6 cycles. The Virtex-E chip executesa write anda readin
onecycle usingblock RAM. See/streamsc/apps/arch/Firebindem.deffor definitionsof loadandstorelatencies.

5. Using sc2

The generated/HDL command;’make filenameall.vhd” generateshe following VHDL outputfiles: filenameall.vhd,
filenamearch.vhd. The filenameall.vhdfile containsthe generated/HDL for the hardware processesvhich consistsof a
datapathsequencerandindefinite or definitehardwarelibrary componen(if afor or while loop exists) for eachhardware
processlefinedin the Streams-(rogram filename.s@ hearchitecturdile, filenamearch.vhd useghe Streams-tardware
library to connectthe hardwareprocesseandary externalmemoryor block ramto the target hardwareboard. This file is
specificto AMS Firebirdboard,but canbe modifiedto targeta userdefinedboard.(seesection8).
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Thefollowing sectiongdescribenow to compileaVHDL simulationusingModelSimPE5.5e,how to compilethe VHDL
projectfiles for synthesisandhow to generatea hardwarebit stream.

5.1. Tools Required

ModelsimPES5.5e

Xilinx CoreGen3.3.07i

Xilinx 4.1Tools

Synplify 7.0

AnnapolisVDHL version3.1
AnnapolishostAPI, version5.0.0

5.2. VHDL simulation

e GenentetheXilinx Core Libraries

Prior to compiling for Modelsimthe Xilinx corelibrary mustbe generatedisingXilinx CoreGen3.3.07itool. How
do | compileXilinx CoreLibrarieson Modelsim? Go to the Xilinx website,TechnicalAnswerDatabase8066and
TechnicalAnswerDatabase2561

http://support.xilinx.com/xInx/xilansdisplayjsp?iLanguagelD=1&iCountrylD=1&getgeRth=8066
http://support.xilinx.com/xInx/xilansdisplayjsp?iLanguagelD=1&iCountrylD=1&ge#geRith=2561

Readthesetwo Xilinx TechincalAnswerscarefully. Briefly, the compilationinvolvessettingthe correctpathsto the
library, settingsomeervironmentvariablesand compiling a vcom.dofile. The compilationgenerateshe behaioral
modelsfor the Xilinx Coresusedwith the Modelsimsimulator The /streamsc/vhdlib/sc xilinx/ directoryincludes
thevcom.dofile neededo generatdhelibraries.Be sureyou areusingXilinx CoreGen3.3.07i.

Note: If youarecurrentlyXilinx technologyuser pleasecontactthe authorsfor the pre-compiledXilinx corelibraries.

e Setlibrary andProjectPaths

Oncethe corelibraries are compiled, edit the mti_vcom.dofile to setpathsto the Xilinx Corelibraries, Annapolis
hardwarelibraries, Streams-Chardwarelibrary, andyour projectdirectory Make sureyou have the AnnapolisBoard
VHDL modelsinstalledin alocal directory

setMODEL _TECH "D:/ProgramFiles/modeltech”

setANNAPOLIS BASE "D:/Annapolis”

setPROJECT.BASE "F:/Firebird/strm/project”

setSC LIBRARY _BASE "F:/streamsc/vhdlib”

—Xilinx Logiblox supportfor RAM blocksvmapxilinxcorelib "d:/xilinx/vhdl/src/XilinxCoreLib/xilinx corelib”
Placethe Xilinx .mif fileslocatedin streamsc/vhdlib/sc_xilinx/sim in your PROJECT.BASE directory

o EdityourProjectfilename
vcom-93 -explicit -work PEQLib $PROJECTBASE/filenameall.vhd
vcom-93 -explicit -work PEQLib $PROJECTBASE/filenamearch.vhd

e CreateyourHostVHDL program

Thereareexamplehostprogramsn the strmandmemoryexamples suchasstrm1,strm2,etc. Thesewill shov how
to simulatea write/readto/from streamssignals,externalmemoryandblock ram for ModelsimPE. Constructa host
programnamed hostfilenamearch.vhd andedit the mti_vcom.dofile line to includeit in the simulation.

vcom-93 -explicit -work system$PROJECTBASE/hostfilenamearch.vhd

e Compile- Annapolisboard libraries, Steams-Chardwate librariesand Streams-Cgenematedprojectfiles
mti_vcom.do



¢ Loadsystentonfiguation

Onceyour projecthascompiled,go to the ModelSim Systemiibrary andload systemcfg, the top level configuration
module.

Note: The Annapolislibrariesonly needto be completeconcefor eachprojectdirectory soaftera successfutompile
commenbuttheline —do$FIREBIRD_PCI.LBASE/vhdl/systemvcom.do

5.3. VHDL synthesis

e Setervironmentvariablesandedit projectfilenames

The VHDL synthesigool usedwith Streams-ds Synplify 7.0. The vhdl_lib/scxilinx/syn directoryhasa synthesis
projectfile, pe0.prj,which setsall thedefaultsneededor the synthesigool. Edit thelocationof thepathsin the pe0.prj
file andeditthe namesof your projectfiles

—ervironmentvariables

setPROJECT.BASE "F:/firebird/strm/project”

setANNAPOLIS BASE "D:annapolis”

setSC2LIB _BASE "F:/streamsc/vhdlib”

—projectfiles

addfile -vhdl -lib PEQLib "$PROJECTBASE/filenameall.vhd”
addfile -vhdl -lib PEQLIib "$PROJECTBASE/filenamearch.vhd”

e SetClock frequency
Setthe Clock frequeng optionto a desireddesignspeed.
setoption-frequengy 66.000

¢ Runthepe0.prjprojectin Synplifyto generatea pe0.edfile
5.4. Hardware bit stream generation

o Copyyour pe0.edfile to PROJECTBASE/pnrdirectory
where$PROJECTBASE is thelocationof your projectfiles.

e Setpathfor AnnapolisVHDL mddels.

The/streamsc/vhdlib/sc_xilinx/pnr directorycontainsa makefile file. Edit this makefile to setthe pathfor thelocation
of the AnnapolisVHDL models.

setANNAPOLIS BASE "D:/Annapolis”

¢ PlaceandRoutethedesign
Placethe Xilinx .ednfileslocatedin streamsc/vhdlib/sc_xilinx/pnr in your PROJECT.BASE directory
Openacygwin bashshell,andcd to your projectdirectorythentype,”"$ANN APOLIS_ BASE/shared/bin/madpe0.ha

whereSANNAPOLIS_BASE is the location of the AnnapolisVHDL models. This commandcreateghe bit stream
- placesandroutesthe hardware design. This stepwill take quite a bit of time dependingon the size of the project.
Decreas¢hedesignclock frequeng if fasteroutingtimeis desired.Theconstraintdiles, .ucf, etc. for placeandroute
aredefaultssetby AnnapolisMicroSystemsnc.

e Corvertpe0.ha to pe0.x86

Oncethe .hex file hasbeengeneratedtype "D:/Annapolis/shared/bin/peutilpe0.he and chooseoption 0) x86, to
cornvertthe pe0.he file into the correctformat. You have createda pe0.x86binaryfile, the hardwarebit stream.Use
this bit streamwith the sim_rt simulationto runthe applicationon the hardware.



The .parlog files from Xilinx reportsthe maximumfrequeng achieved during placeandroute. The usershouldset
SC.MCLK, thedesiredirequeng for runningthe bit streamon hardware,by settingconstantsn the softwareinclude
in the.scprogram:

#defineSC_.MCLK 20.0
#defineSC_.UCLK 50.0

A defaultis setto 20 MHz by the preprocessaif nothingis defined.Streams-Gardwarecomponentsisethe MCLK,
theuserdesignspeedandtheKCLK, theLAD BusspeedUCLK doesnot affectthe speedof the hardwaredesignfor
Streams-C.

6. Hardwar e I mplementation Notes

e Be sureto checkthe versionof the simulation, synthesisand place and route tools you are using with Streams-C.
Streams-Qvastestedanddevelopedwith thefollowing CAD tools: ModelsimPE5.5e—for VHDL simulation

Xilinx CoreGen3.3.07i— to generatghe behasiour modelsfor VHDL simulationandthe Xilinx coresfor placeand
route

Xilinx 4.1Tools—to generate bit stream

Synplify 7.0—to generate netlist, pe0.edffile

AnnapolisVDHL version3.1—for simulation,synthesisandplaceandroute
AnnapolishostAPI ,version5.0.0

o Besureto checkthelog files afterplaceandrouteto determingheactualspeedat which your designwasrouted.This
valueneeddgo beenteredwith the sim.rt, hostrun-timeprogram.

7. Examples

The programstrm2.schastwo software processesindtwo hardware processesThe first software processhostl,with
run function hostlrun opensan output streamand writes a sequencef integersto the stream. The boundon the loop
(“iterations”) is sethy theinput argumentto the programinvocation(eg. theinvocation“strm2_sim 400" causes sequence
of integersfrom 0 to 399to be written to the outputstream).

The streamsentby hostlgoesto a hardware processcontrollerwith run function controllerrun. This processsimply
forwardsthe streamo thenext hardwareprocesspeQproc run. peQprocrun hastwo phasesFirstit copiesits inputstream
to memory (Note: no #pragmastatements givenfor memory- the defaultis anexternal64-bitmemory mem0.) Whenthe
whole streamhasbeenreadinto memory it readsbackthe datain reverseorderandwritesto its outputstream. Thefinal
softwareprocesshost2,usingrun function host2run, readsthe streamfrom peQproc._run andprints out the datareceved
from thestream.

Thetwo hardware processesare generatedy the sc2 compilerandplacedin the strm2all.vhd file. The hardwarepro-
cessescontrollerrun, andpeQproc.run areconnectedhroughthe Hardware Streamd_ibrary componentso the Annapolis
boardmodelsin orderto facilitate the hardware interfaceto the hostworkstationand memory The strm2arch.vhdfile
representeth figure 8 containghe “systemconnectvity”.

Thestreamsc/vhdlib directorycontainsall of the Streams-Ghardwarelibrary componentsSeesection3.2for adescrip-
tion of the hardwarelibrary components.

8. Retarget Hardware Notes

ThisstrmZ2all.vhdfile is designedo be“stand-alone’andcanberetagetedo adifferentusersystem.Thearchitecturdile
andthe associate®treams-Ghardwarelibrary modulesfor streamssignals,parametersindmemoryneedto beredesigned
for theusersystem.The Streams-Gnemorytypesin the streamsc/apps/arch/Firebird.defd Firebird mem.deffiles needto
be modifiedaswell.

The processdeclarationsand connectscan reflect multiple FPGAs via the namingcorvention, PEO, PE1, etc. in the
PE.deffile.
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9. Hardware-Bugs

¢ In theindefinitepipeline,attimesoneor two piecesof datawaslost atthe endof a stream.
¢ Do notusethe#pragmaSC pipelinepragman hardwareprocesseshich containsc wait() calls.
o Arraysof processearenotimplementedn hardwareyet.

e Parameterarenotimplementedn hardwareyet.

10. Stylelssues

10.1. Optimization Hints

¢ Usefunctionssc bit_insert()andsc bit_extract()insteadof the shift left or shift right (" <<” or ”>>") operators.
¢ Pointersarenot permitted.Indirectreferencemustbe accomplishedhrougharrayreference.

¢ If mostof the 160blocksof block RAMs areusedfor amemoryintensie application theoveralltiming of thedesign
may decreaseThe placeandroutetool routestheseblocksautomaticallyandtiming could be affected.

10.2. Simulation vs. Synthesis

e Occasionallyit is usefulto write the codein oneway for simulationandslightly differentfor synthesis.The IF_SIM
macrois providedfor this purpose.

¢ We have foundthatC compilerbugssometimesausdargelocally allocatedarraysto getcorrupted.Thusto circum-
ventthebugin simulation thearrayis globally allocatedduring simulationandlocally allocatedfor synthesis.



Theusermay setSC.MCLK, the desiredfrequeng for runningthe bit stream by usinga softwareincludein the .sc
program.A defaultis setto 20 MHz by the preprocessoif nothingis defined. Streams-Chardwarecomponentsise

the MCLK, the userdesignspeedandthe KCLK, the LAD Busspeed.UCLK doesnot affect the speedof the user
designfor Streams-C.

Consideryour applicationusageof streamsand designspeedissues. The LAD bus runsat 33MHz/66MHz on the
Firebird,soheary demand®n streamsnayresultin slower overall systemspeed Seeexamplestrm4.

For mulitiplication of two or moreoperandstheresultis the sizeof thelargerof the operandsinlesshe eachoperand
is cast.

Thesc2compilercanpipelineblocksthatcontaincontrolflow statements,e. if-else statements.



